I
n the management of rigid and complex spinal deformities, traditional correction methods are not enough to correct the deformity and restore coronal and sagittal balance. A more aggressive approach is necessary to treat these severe deformities. In 1985, Bradford 1 described a combined anterior and posterior approach, which he termed ''vertebral column resection (VCR)'' for managing complex spinal deformity. Boachie-Adjei and Bradford, 2 and Bradford and Tribus 3 further reported on case series of patients in the 1990s and this technique was intermittently reported during the past two decades. More recently, Suk et al 4, 5 and Lenke et al 6, 7 have repopularized this procedure specifically through a posterior-only approach for the treatment of severe, stiff pediatric and adult spinal deformities. Previous studies have demonstrated that posterior vertebral column resection (PVCR) in spinal deformity patients provided excellent outcomes. [8] [9] [10] [11] [12] It is still a high-risk procedure. with the overall incidence of complications ranging from 40% to 67%. 12 -14 In a recent large, multicenter study, this complex procedure was accompanied by a 59% complication rate, including 27% of patients with intraoperative neurologic events. 15 With this relatively high complication rate, it is important to establish a preoperative measure to evaluate the severity of the deformity and the subsequent risk of neural deficit during PVCR procedures.
Intuitively, a sharp, angulated deformity is at higher risk to suffer a neurologic deficit than a more global, rounded deformity; however, this has never been shown. Therefore, the authors describe a new scoring system, the total deformity angular ratio (T-DAR), in which the Cobb angle is divided by the number of vertebrae involved in the curve to evaluate the angulation of both coronal DAR (C-DAR) and sagittal DAR (S-DAR) curves, which can then also be combined to create a T-DAR score.
The principle behind the DAR measurement actually was first espoused by Harrington 16 in his landmark article on the treatment of scoliosis. He used the Harrington factor (also defined as the Cobb measurement divided by the number of vertebrae in the curve) in the coronal plane only for purposes of identifying curves that were potentially progressive in nature and would thus be amenable to consideration for spinal fusion. The use of the DAR is thus analogous in its measure to the Harrington factor, but much broader in its scope (calculated for the coronal and sagittal planes and also combined for a T-DAR) as a scoring system for risk severity in its main correlation to neurologic risk during PVCR surgery and not related to curve progression.
The purpose of this study was to perform a retrospective review of prospectively collected data of more than 200 PVCR patients from a single center: (1) documenting the intraoperative spinal cord monitoring events and ultimate neurologic results and (2) using the DAR to predict the risk of spinal cord monitoring (SCM) changes and/or neurologic deficit with the PVCR procedure. To our knowledge, this is the largest PVCR case series reported from one surgeon's practice in the literature.
MATERIALS AND METHODS
With the approval of the institutional review board, a total of 202 consecutive pediatric and adult patients undergoing PVCR from November 2002 to September 2014 by a single surgeon were retrospectively reviewed. VCR levels were from T1 to L5, inclusive. Most cases were thoracic (175/ 202) with the remaining VCRs occurring in the lumbar spine (27/202).
All of the information was prospectively collected into a database at the time of surgery. The VCR procedure is defined as a ''three-column circumferential vertebral osteotomy creating a segmental defect with sufficient instability to require provisional instrumentation.'' 15 Thus, isolated unilateral hemivertebra excisions were excluded. The surgical technique often included multilevel posterior column osteotomies 17 and pedicle screws implanted above and below the planned PVCR site. 18 This was followed by temporary stabilizing rod placement, laminectomies, vertebral decancellation, and corpectomy. The spinal column was separated into two free limbs. After confirming that the dural sac was completely free, closure of the defect always began with compression and shortening of the spinal column followed by other maneuvers. 7, 15 Anterior column reconstruction was performed typically with a titanium cage filled with bone graft.
Deformity Angular Ratio
The DAR is a unitless number used to evaluate the severity of the deformity. C-DAR is calculated as the Cobb angle of the maximum scoliosis curve divided by the number of vertebral levels involved ( Figure 1A ). S-DAR is calculated as the maximum kyphotic angle divided by the number of vertebral levels involved ( Figure 1B ). T-DAR is the sum of the coronal and sagittal scores.
Intraoperative Spinal Cord Monitoring
Multimodality monitoring was used in all PVCR procedures including somatosensory-evoked potentials, descending neurogenic-evoked potentials, and transcranial electrical motor-evoked potentials. When it was not possible to obtain SCM data pre-incision due to preoperative myelopathy or neuromuscular issues, multiple wake-up tests were performed during the surgery to assess neurologic status. Warning criteria for somatosensory-evoked potentials were defined as a 60% decrease in amplitude and/or a 10% increase in latency of the signal compared with baseline values. Warning criteria for descending neurogenic-evoked potentials were defined as an 80% decrease in amplitude and/or 10% increase in latency of the signal compared with baseline values. Warning criteria for transcranial electrical motor-evoked potentials were established as an increase in threshold intensity by a minimum of 100 V over baseline values.
Patient Groups
All patients were divided into three groups based on intraoperative spinal cord monitoring events and postoperative neurologic deficits: 
Statistical Analysis
Group differences were compared using the independent t test for continuous independent variables. Mann-Whitney U test was used for non-normal distributions as a nonparametric test. Chi-square test was used for frequency data in which more than five observations were expected in each category (otherwise Fisher exact test was used). All analyses were performed using the Statistical Package for the Social Sciences (SPSS, Chicago, IL). P value less than 0.05 was considered statistically significant.
RESULTS

Demographic and Radiographic Data
A total of 202 pediatric and adult patients were identified and included in this study. There were 115 women and 87 men, with an average age at surgery of 25.9 years (range, 4-76 years). Patients were separated into four categories by deformity type: severe scoliosis (n ¼ 42), kyphoscoliosis (n ¼ 85), global kyphosis (n ¼ 39, mean S-DAR 10.3), and angular kyphosis (n ¼ 36, mean S-DAR 19). There were 126 patients (62.4%) who had prior surgery. Thirty-eight patients (18.8%) had myelopathy before the PVCR procedure. One hundred forty-one patients had single-stage surgery, whereas the remaining 61 patients (30.2%) had a two-stage procedure. The average preoperative major coronal Cobb angle was 64.68 (08-1708), and the average maximum sagittal kyphotic angle was 94.38 (108-1798). The average postoperative coronal correction was 63.1% (11.3%-100%), and the average sagittal plane correction was 59.5% (14%-100%). The average number of resected vertebrae was 1.5 (1-6). Estimated blood loss was 1486 mL (200-6500 mL). If the patient had a staged surgery, estimated blood loss was the sum of both stages.
Spinal Cord Monitoring Events and Neurologic Deficit
Patients were reviewed and divided into three groups depending on the presence or absence of monitoring data and neurologic status at the end of the procedure ( Table 1) . The majority of patients in this study had functional monitoring data, 176 of 202 (87.1%). In the procedures in which spinal cord monitoring data were present (groups 1 and 2), the number of true positive events was 36 of 176 (20.5%). Of these 36, SCM data returned without any new 
Total Deformity Angular Ratio
The average T-DAR in groups 1 to 3 was 19.3, 28.9, and 27.5, respectively (Table 1) . T-DAR for patients in groups 2 and 3 was significantly greater than those in group 1 (P ¼ 0.000, 0.000, respectively). Patients with a SCM event (group 2) were younger (P ¼ 0.000), more myelopathic (P ¼ 0.000), needed more vertebrae resected (P ¼ 0.022), and had greater coronal and sagittal deformities (P ¼ 0.009, 0.001) when compared with group 1 patients who did not have a SCM event ( Figures 2-4 A-F). Group 2 patients also had less coronal and sagittal curve correction rates due to SCM events that resulted in a decrease in the amount of aggressive correction being performed. There were 21 patients in group 3A and five in group 3B. T-DAR in group 3B patients was significantly greater than those in group 3A (35.0 vs. 25.7, P ¼ 0.036).
Patients were also grouped by T-DAR (Table 2) . For patients with a T-DAR of less than 25 when SCM was obtainable, 10.8% (13/120) had monitoring events, but none of them had postoperative neurologic deficits. When SCM was not available, 1 patient out of 10 (10%) had a new neurologic deficit. In patients with a T-DAR of 25 or more with available SCM, 41.1% (23/56) had monitoring events and 3 out of 56 (5.4%) had new neurologic deficits. The rates of SCM events and neurologic deficits were significantly higher in this group (T-DAR !25) than that in low T-DAR patients (P ¼ 0.000, 0.031). When SCM was not available in the high T-DAR patients, 4 of 16 (25%) had a neurologic deficit but compared with the low T-DAR patients without obtainable SCM, there was not a statistical difference (25% vs. 10%; P ¼ 0.617), probably owing to the small number of patients.
Preoperative characteristics were significantly different between the low and high T-DAR groups (Table 2) . Patients with a high T-DAR (!25) were significantly younger, more myelopathic, had more vertebrae resected, and had greater coronal and sagittal curve magnitudes. 
Coronal and Sagittal Deformity Angular Ratio
Patients with SCM who had intraoperative events (group 2) had significantly higher C-DAR and S-DAR scores than that in group 1 patients without SCM events (P ¼ 0.001, 0.000; Table 3 ). Patients in group 3 (no obtainable SCM) also had significantly higher C-DAR and S-DAR scores than the group 1 patients. There were, however, no significant differences in C-DAR and S-DAR scores between groups 2 and 3.
We also looked at the C-DARs and S-DARs separately (Table 4 ). In patients with a C-DAR of less than 10 (n ¼ 116), 12.3% (13/106) had monitoring events and 1.9% (2/106) had final neurologic deficits in SCM available patients. When SCM was not available, 10% (1/10) had a postoperative neurologic deficit.
For patients with a C-DAR of 10 or greater (n ¼ 86) who had available SCM, 32.9% (23/70) had monitoring events with one patient having a resultant neurologic deficit. When SCM was not available, 25% (4/16) had neurologic deficits. Patients with the higher C-DAR were at higher risk for monitoring events (P ¼ 0.001), but there was no significant difference in the final neurologic deficit rate between high and low C-DAR patients.
For patients with an S-DAR less than 15 (n ¼ 138), 15.1% (19/126) had monitoring events, but none of them had a postoperative neurologic deficit. Patients who had an S-DAR greater than or equal to 15 (n ¼ 64), 34% (17/50) had monitoring events in SCM available patients, which was significantly higher than that seen in the low S-DAR patients (P ¼ 0.005, Table 4 ). All eight neurologic deficit patients in this study had an S-DAR greater than 15 (mean 23.8, range 19.3-33.8). The final neurologic deficit rate in high S-DAR patients was 12.5% (8/64), which is significantly higher than that in low S-DAR patients (12.5% vs. 0, P ¼ 0.000).
Follow-up and Recovery
There were no patients with complete permanent paralysis or death in this case series. Four patients with a new neurologic deficit showed some degree of recovery at the last follow-up visit and the remaining four were fully recovered (Table 5) .
DISCUSSION
Potential neurologic risks increase in parallel to the severity of the spinal pathology. Raynor et al 19 reported that 0.12% of patients had a permanent neurologic deficit in a study 20 reporting on data from the Scoliosis Research Society Morbidity and Mortality database, cited a 0.26% to 1.75% rate of neurologic complications in 6334 cases of adolescent idiopathic scoliosis. The rate of neurologic deficit, however, increased to 8.7% in adult spinal deformity by Kelly et al. 21 In patients with more severe and complex deformities needing PVCR surgery, neurologic complications were reported as high as 17.1%, with a 3.3% permanent neurologic deficit. 13 In another multicenter study, Lenke et al 15 also found that the most common intraoperative complication in PVCR was loss of SCM data with actual spinal cord or nerve root deficit. This trend led us to assume that the nature of the deformity is the primary risk factor for neurological deficits in PVCR surgery. We are unaware of any method to assess the severity of a deformity except using the Cobb angle. Two curves with the same Cobb angle are quite different, for example, a short, angulated deformity versus a longer global curve. Because of this, we developed the DAR to evaluate the angularity of the deformity and predict the risk of neurologic deficit in PVCR surgery.
In this study, overall SCM events occurred in 20.5% of the patients. Those with a high T-DAR (!25) had a significantly higher SCM event rate than the low T-DAR patients (41.1% vs. 10.8%). When we looked at the coronal and sagittal deformities separately, results showed that patients with either a C-DAR of 10 or greater or S-DAR of 15 or greater also had a significantly higher SCM event rate. As expected, all of the patients who had new neurologic deficits had an S-DAR of 15 or higher and 87.5% of them (7/8) had a T-DAR greater than 25.
In severe kyphoscoliosis, the reason a high T-DAR is accompanied by a high neural deficit risk is that the spinal cord is stretched and pinched by the concave pedicle leading to chronic ischemia. After posterior soft tissue releases, multilevel posterior column osteotomies, and placement of pedicle screws, the apical area tends to have some nearly imperceptible movement, which may lengthen the spinal cord and lead to a loss of SCM. Thus, patients with a short, angulated kyphosis with or without an accompanying scoliosis are the most challenging cases. SCM techniques are invaluable in detecting this type of change. We also suggest putting in a temporary stabilizing rod even before starting the laminectomy and VCR. The severity of the deformity, patient characteristics, and surgeon's experience all affect surgical outcomes. In this study, all cases were done by a single surgeon, eliminating the variables of surgeon technique and experience. Patients with a high T-DAR (!25) not only had greater coronal and sagittal curves, but they were also more myelopathic and needed multilevel vertebral resections, all which have been considered risk factors for neurologic deficit in prior reports. 4, 13, 22, 23 Our study agreed with those prior published results, and we found that the T-DAR can be representative of these risk parameters.
Despite the high SCM event rate, the early postoperative neurologic deficit rate was 4% (8/202) with no permanent paraplegias, lower than other published results. 24 We attribute this to several factors, including the routine use of SCM, maintaining normotensive anesthesia during correction, use of a temporary stabilizing rod at the apex before starting the VCR, and always beginning with compression and shortening of the spinal column. 7 The sensitivity of intraoperative SCM and the ability to alert surgeons allows a small window of opportunity to respond and minimize or reverse neurologic complications. Thus quick action by the surgical team upon monitoring data loss is important. Responses to neuromonitoring changes included blood pressure elevation, further neural decompression, release of correction, subluxation adjustment, or restoration of anterior column height via a bigger titanium cage.
Limitations of this study are the retrospective nature leaving it to several inherent biases, and the fact that this study involved a relatively miscellaneous etiology and heterogeneous population. Finally, this is a single surgeon's practice working with experienced assistants and intraoperative neuromonitoring team. The results may not be comparable in all spinal surgery practices.
CONCLUSION
This is the largest patient series of PVCR procedures ever reported in the literature. The overall SCM event rate was 20.5% with an early postoperative neurologic deficit rate of 
Key Points
In this large group of PVCR patients, the incidence of overall spinal cord monitoring events was 20.5%, with a new neurologic deficit rate of 4.0%. The complexity of coronal and sagittal spinal deformities can be evaluated by the DAR, which is correlated to the risk of neurologic deficits. Patients with shorter, more angulated kyphoses with an accompanying coronal curve were at the highest risk of neurologic deficit. These cases had a T-DAR of more than 25. T-DAR of 25 or greater or S-DAR of 15 or greater indicates a high risk for intraoperative spinal cord monitoring events and new neurologic deficits.
